In this paper, we have assessed the temporal, spatial and depth related variation of suspended particulate organic matter (POM) in the Bay of Bengal. For this purpose, suspended particulate matter (SPM) samples were collected from eight depths (2 to 1000 m) at 9 locations in the Bay of analyzed for chlorophyll a (Chl a), particulate organic carbon (POC) and total particulate nitrogen (TPN). The surface concentrations of POC varied from 4.3 to 11.1 µM C, 3.1 to 10.9 µM C, and 4.3 to 9.0 µM C during SWM, FIM, and SPIM, respectively. The levels of SPM, and the concentrations of Chl a, and POC were relatively higher in the offshore compared to the near shore stations, especially during SWM. The POC concentration and its contribution to the SPM were higher in the surface waters, and both decreased with increasing water column depth at most of the stations. The observed decrease with depth of POC indicates heterotrophic uptake and/or dilution by inorganic material, poor in POC. This was also reflected in the C/N ratio which generally increased with water column depth. The relatively low C/N and POC/Chl a ratios, and high Chl a and % POC during the SWM and FIM indicate the presence of relatively fresh POM in the Bay during these two seasons.
Introduction
In deep oceanic environments, particulate organic matter (POM) is mostly produced by phytoplankton using the process of photosynthesis. However, in the coastal and shelf environments, POM is derived from many sources including phytoplankton, terrestrial material, river run-off, resuspension of sediments, and aeolian inputs (Degens and Ittekkot, 1985) . Quality and quantity of the POM produced by phytoplankton depend on nutrient status of the natural waters, phase of growth and phytoplankton composition. POM is of considerable biogeochemical and oceanographic importance in the aquatic environment. For example, it serves as a useful vehicle for the transport of organic matter produced in the upper euphotic zone of the ocean to the deep-sea sediments. As the POM is transported to greater depths, it is degraded by the in-situ heterotrophic organisms (Lee and Wakeham, 1988; Grossart and Ploug, 2001) . As the POM is degraded, nutrients are released in deep waters making them nutrient rich (Eppley and Peterson, 1979) . Therefore, understanding the distribution of particulate organic carbon (POC), total particulate nitrogen (TPN) and the contribution of these compounds to suspended particulate matter (SPM) provides useful information on the dynamics, nature, sources, and fate of POM.
There are many studies on the distribution of POC in the Pacific and Atlantic Ocean (Romankevich, 1984; Gordon and Cranford 1985; Yoro et al., 1997) . However, little information is available on the distribution of POC (Bhosle et al., 1988) in the Indian Ocean in general, and in the Bay of Bengal in particular (Radhakrishna et al.,1978; Bhattathiri et al., 1980; Nandakumar et al., 1987) . Bay of Bengal receives large influx of fresh water that decreases the sea-surface salinity.
Moreover, the presence of weak winds (<10 m s -1 ) and warm sea-surface temperature (>28 0 C) results in strong stratification of the mixed layer. As a result, low or no nutrients are injected into the surface waters thereby, influencing biological production (Prasanna . However, it is not known how these physical and chemical parameters influenced the quality and the quantity of POM in the Bay. Therefore, the aim of this research is, 1) to assess the seasonal, spatial and depth related variation in SPM, Chl a, POC and TPN, and 2) to evaluate the factors that influenced the distribution and cycling of these compounds in the Bay of Bengal.
Materials andethods

Study area
The Bay of Bengal is one of the largest fresh water input sites of the world ocean. The annual fresh water discharge into the Bay exceeds 1.625 x 10 12 m -3 yr -1
. Because of the freshwater, the mean salinity of the waters reduces by about 7 psu in the northernmost region. The input of the fresh water into the Bay is mainly through the Himalayan rivers -the Ganga and Brahmaputra, Mahanadi in the north, Godavari and Krishna in the central region, and Irrawady, Penner and Cavery in south (Rao, 1985) . About, 0.6 x 10 12 mol C org yr -1 is brought into the Bay by the GangaBrahmaputra system (Galy et al., 2007) . The warm sea surface temperature (SST's) and the low salinity in the Bay of Bengal lead to strong stratification of the water column, which prevents the transport of nutrient rich bottom waters into the surface. Moreover, the weak winds prevailing in the Bay of Bengal are unable to break the thermocline layer. Prasanna Kumar et al. (2004 proposed the role of cold core eddies in pumping nutrients in the surface waters and enhancing biological productivity of the Bay of Bengal. Some localized upwelling has also been observed along the south western boundary of the Bay (Shetye et al., 1991) .
Collection of samples
The samples were collected from many locations during various cruises of ORV Sagar Kanya in the Bay of Bengal. The first cruise was during southwest summer monsoon (SWM) from 6 July to 2 After collection, SPM samples were thoroughly washed with Milli-Q purified water and dried at 50 °C. All the samples, except Chl a, were transferred to clean vials and stored at 4 °C.
Analytical methods
The SPM retained on the GF/F glass filters were dried at 50 °C in an oven, cooled in a dessicator, and weighed on the micro balance (Mettler Model AT20) so as to determined SPM content. Immediately after collection, Chl a was extracted by overnight incubation (in the dark at 4 °C) with 90 % acetone, and was estimated following the spectrofluorometric method (Parson et al., 1984) .
The GF/F filters for the analysis of POC and TPN were pre-treated overnight with HCl fumes to remove the inorganic carbon (Ferrari et al., 2003) , and dried at 50 °C. Samples were then packed in the aluminum foil and analyzed using Perkin Elmer, Elemental analyzer (Model -2400 CHN). The precision of the methods was better than 7 %.
Statistical analysis
A simple regression analysis was done to assess the relationship of POC with TPN and Chl a using the excel program. Two way analysis of variance (ANOVA) was carried out to evaluate if the observed spatial, seasonal and depth related variation were significant or not in the SPM of Bay of Bengal.
Results
General hydrography and biogeochemical patterns
As part of Bay of Bengal process studies, a number of physical, chemical, and biological parameters were monitored. These results are published elsewhere (e.g. Madhupratap et al., 2003; Prasanna Kumar et al., 2004; Gauns et al., 2005; Sardessai et al., 2007) . These results are briefly described here. During the SWM, the sea surface temperature (SST), varied from 28.4 °C to 29.0 °C, and generally decreased from south towards north in the offshore transect along the 88 °E. A similar south to north decrease in SST was observed during SPIM, except that the SST was slightly higher, varying from 30.5 °C to 29.3 °C. In contrast, during FIM, temperature increased from south to north along 88°E. For the near shore stations, along the western boundary SST decreased from south to north during SWM, FIM, and SPIM (Prasanna Kumar et al., 2004; Kumar et al., 2004a, b) .
At all the stations the water temperature decreased with the increasing sampling depth.
The surface salinity for the offshore stations varied from 28.1 to 34.6, and for the near shore stations it varied from 20.7 to 34.0, during SWM, FIM, and SPIM, respectively. A south to north decrease in surface salinity for all the offshore and near shore stations was observed during the three sampling periods. A strong stratification was observed during SWM and FIM, while the water column was relatively less stratified in the SPIM.
During each of the sampling period, upheaval of water was noticed. This indicated the presence of cold core eddies in the study area. Nutrients, especially nitrate, was devoid in the upper 30 m of water column during SWM and FIM seasons; while during SPIM, 0.2 µM of nitrate was detected . Column-integrated primary productivity (PP) along the offshore 
SPM
The SPM content increased from south to north, especially during SWM and FIM periods (Fig. 2 a-c) , and at station 12, SPM content was highest during both, SWM (12 mg -1
) and FIM (4.6 mg/l). Conversely, for the stations along the western boundary no particular trend was recorded for the SPM (Fig. 2 d-f) . Interestingly, shelf to slope transport of SPM was noticed at a few depths during FIM and SPIM ( Fig. 2 g-i) .
Chl a
As compared to the SPIM, concentrations of Chl a were higher in SWM and FIM, and increased from south to north for the stations in the offshore and the near shore region (Fig. 3) . A sub-surface Chl a maxima at 30 to 60 m was always evident for most of the stations. A shelf to slope transport was evident at 30 m and 60 m in the FIM and the SWM, respectively (Fig.3 g, h ).
Seasonal variations in Chl a were highly significant (F=13.25, P< 0.001) for the offshore stations, while they were insignificant for the near shore stations (F=2.88, P =0.1) (Table1). Depth related differences in Chl a were significant for FIM (for both offshore and near shore stations) and SPIM (offshore stations). Significant spatial differences were observed for the offshore stations in SPIM (Table 1) .
POC and % POC
In the Bay of Bengal, the surface POC concentrations ranged from 4.3 to 11.1 µMC, 3.1 to 10.9 µMC, and 4.3 to 9.0 µMC in the SWM, FIM, and SPIM, respectively (Fig. 4) . For both, the offshore and near shore stations, concentrations of POC showed some increase towards the northern area of the Bay of Bengal, especially in SWM and FIM. For all the seasons, POC concentrations were higher in the surface waters, and decreased from surface downwards at most of the stations. However, during the SWM, at a few stations (03, 06, 09, 12, and 14) concentrations of the POC at 1000 m were either higher or similar to those recorded in the surface waters.
Interestingly, in SWM, the POC concentration did not vary much from surface to 1000 m at station 9.
During SWM, a shelf to slope transport of POC was observed (Fig. 4g) . (Fig. 5b) . For the offshore stations, a significant difference in spatial distribution of POC was observed for SWM (F= 34.5, P< 0.001), FIM (F= 2.87, P= 0.04), and SPIM (F= 5.55, P = 0.002), while for near shore stations only FIM showed a significant difference (F= 7.15, P= 0.002) ( Table 1) . For both, the near shore and offshore stations, depth-wise differences in POC were significant during FIM and SPIM (F= 6.41-12.9, P< 0.001) ( Table 1 ).
The POC accounted for 0.7 to 21.7 %, 0.8 to 11.9 %, and 2.0 to 28.8 % of the SPM, in the SWM, FIM, and SPIM, respectively (Fig. 6) . Overall, highest % POC was recorded for the SWM and FIM seasons. With exception of a few stations during SWM, % POC decreased from surface downwards. It was interesting to note that as compared to the surface, relatively higher % POC was observed at 1000 m at some stations (stations 03, 06, 09, 12, and 14) . A shelf to slope increase in % POC was observed for 10 m during SWM (Fig. 6g) .
C/N atomic ratio
Throughout the water column, C/N ratio varied from 8.5 to 26 (Fig. 7) , and were relatively low during FIM and SWM, and high in SPIM. The ratio generally increased from surface downwards.
Increase in C/N ratio from shelf to slope was also observed at 30 m in FIM, and at 10 m during SPIM (Fig. 7h, i ).
Discussion
There were apparent seasonal and spatial differences in the distribution of Chl a, SPM, and POC in the Bay of Bengal. Generally, the SPM content was higher for the SWM, intermediate for the FIM and relatively low in SPIM. Further, SPM content was generally high at the northern stations and low at the southern stations. In the Bay of Bengal, the influence of the freshwater input is greater in the northern region and subsequently decreased towards the southern stations of the Bay (stations 3 and 6) (Gopalakrishna et al., 2002) . This is because, the stations (12 and 14) in the northern Bay receives large quantities of freshwater (1.625 X10 12 m -3 yr -1
) from the major rivers Ganges, Brahmaputra, Irrawady, Godavari, Krishna, Pennar and Cauvery (Rao, 1985; Subramanian, 1993) . These rivers flowing through the Indian sub-continent, introduce 2.0 X10 15 g of suspended particulate matter annually in the Bay, accounting for 15 % of the contemporaneous global discharge of fluvial sediments into the world oceans. From the seasonal and spatial distribution trends of the SPM, it was evident that river input in the Bay played an important role in controlling the abundance of the SPM in the study area.
Concentrations of POC and Chl a were generally higher during SWM. The excess precipitation over evaporation as well as the river run-off freshens up the upper water layers of the Bay of Bengal, especially the northern region. Apart from freshening of the surface, the river discharge is expected to add nutrients to the upper layers and increase the biological productivity of the Bay.
During SWM, the upper ocean is highly stratified. Moreover, the relatively weaker winds are unable to break the strong upper ocean stratification through the wind driven mixing. Prasanna Kumar et al. (2004) identified cold core eddies in the Bay of Bengal, and proposed eddy pumping as a possible mechanism of vertical transfer of nutrients across the halocline to the oligotrophic euphotic zone during SWM. This would induce rapid biological uptake, and in turn significantly enhance biological production. Organic matter production due to nutrient addition by eddy-pumping and the organic matter inputs from the rivers, may be responsible for the observed higher concentrations of POC and Chl a during the SWM.
In the northern Bay, during FIM some increase in nitrate and silicate was detected due to fresh water run-off Prasanna Kumar et al., 2007) . During this period four cyclonic eddies, two each along the 88°E and the western boundary were observed, respectively. The During SPIM, nitrate isoclines showed weaker physical forcing compared to SWM and FIM seasons. The period was characterized with very low concentration of SPM and Chl a, but even then POC concentrations were found to be comparably higher. The column productivity was found to be higher than that observed for SWM and FIM. It was evident that biological production was mainly enhanced due to eddy pumping in the Bay. However, it was interesting to note that during FIM, the POC and Chl a concentrations in the southern station 03 were higher by a factor of about 2
than that recorded at the northern station 14 along the 88°E (offshore transect). In contrast, along the western boundary, the northern station 16 had more POC and Chl a than that of the southern station 23. The low concentration of organic matter in north along the 88 °E transect, in spite of nutrient availability in the upper water column, points to the possibility of light limitation due to suspended sediment load brought in by the river run-off. Along the northern part of the near shore region, however, the quantity of nutrient in the surface waters is more than that in the northern part of the offshore transects . For SPIM a similar trend was recorded. However, during this season the organic matter production was entirely controlled by eddy pumping of nutrients (Prasanna .
POC concentrations in the present study are in the range of values reported from other oceanic regions (Gordon et al., 1979; Copin-Montegut and Copin-Montegut, 1983; Romankevich, 1984; Gordon and Cranford, 1985; Kucuksezgin et al., 2005) . However, these POC concentrations are relatively lower than those reported earlier for the Bay (Radhakrishna et al., 1978; Bhattathiri et al., 1980; Nandakumar et al., 1987) . A CHN analyzer was used in the present study, whereas, a spectrophotometeric method of Parson et al. (1984) was used in earlier studies to estimate POC (Radhakrishna et al., 1978; Bhattathiri et al., 1980; Nandakumar et al., 1987) . This difference in the analytical methods was probably responsible for the observed differences in the POC concentrations.
The phytoplankton abundance played an important role in controlling the concentrations of POC and TPN. This was evident from the fairly good significant positive correlations of the concentrations of Chl a with the concentrations of POC and TPN (Fig. 5) . This implies that the POC and TPN were mostly derived from phytoplankton, and were not influenced by terrestrial organic matter to a great extent.
POC and its contribution to SPM (i.e. % POC) in the Bay of Bengal generally decreased with the increasing water column depth during the SWM, FIM, and SPIM, indicating the biological utilization and/or dilution by inorganic material during its transport to the greater depths. However, deviation from the above general distribution pattern was observed during SWM at 1000 m. During SWM, POC concentrations and % POC decreased in the upper 500 m of the water column, and then gradually increased again at 1000 m. The increased concentration at 1000 m is relatively higher and/or similar than that recorded in the surface waters. In the Bay of Bengal, three water masses i.e. the Arabian Sea High Salinity water mass (surface to 100 m), the Bay of Bengal sub-surface water mass (100 to 300 m), and the Indian Equatorial Intermediate water mass (> 300 m) have been identified (Gallagher, 1966; Sardessai et al., 2007) . Therefore, the advection of the Indian Equatorial Intermediate water mass rich in the organic matter is probably responsible for the high concentrations of POC at 1000 m. This organic matter was characterized with high % POC and low C/N ratio. This implies that the organic matter was relatively fresh and probably was produced by marine bacteria.
C/N ratio is a useful tool to assess the nature of organic matter. The average C/N ratio for the fresh living phytoplankton and bacteria is 7 and 4, respectively (Redfield et al., 1963; Lee and Furhman, 1987; Nelson and Robertson, 1993; Bale and Morris, 1998; Bates et al., 2005) , while for the terrestrial organic matter, it varied from 20 to 200 (Hedges et al., 1986) . During the period of study, the C/N ratios varied with season, space, and depth. For most of the stations, the C/N ratios were low (< 9), especially during FIM and SWM, suggesting the presence of organic matter derived from phytoplankton. This conclusion was also supported by the significant correlation between POC and Chl a. However, at some offshore and near shore stations, particularly during SPIM, and near shore stations in SWM showed high (> 9) C/N ratios suggesting the presence of either the degraded organic matter or the influence of terrestrial organic matter. If, it was the latter then we would have expected higher concentrations of carbohydrates since terrestrial material is rich in cellulose.
However, we did not observe high yields of carbohydrates at these stations indicating that the high C/N ratios were due to the presence of degraded organic matter (Khodse et al., 2007) .
Conclusions
In the Bay of Bengal Chl a, SPM, and POC varied spatially, depth wise and seasonally. In near surface waters, nutrients were brought in by the river run-off, and/or were also injected due to eddies during SWM and FIM. This enhanced the concentrations of Chl a and POC during these seasons. Good correlation between Chl a and POC suggest that the organic matter was mostly derived from phytoplankton. However, the biological production was relatively low in northern as compared to the southern stations probably because of light inhibition due to high SPM content in the former region. During the SPIM, river run-off was very poor or negligible and biological 
